Aims Patients with heart failure (HF) are known to have a reduced pulmonary diffusion capacity for carbon monoxide (D LCO ), but little is known about how lung function relates to central haemodynamics. The aim of this study was to investigate the association between haemodynamic variables and pulmonary diffusion capacity adjusted for alveolar volume in congestive HF patients and to analyse how predicted D LCO /V A affects mortality in relation to the haemodynamic status. Methods and results We retrospectively studied right heart catheterization (RHC) and lung function data on 262 HF patients (mean age 51 ± 13 years) with a left ventricular ejection fraction < 45% referred non-urgently for evaluation for heart transplantation (HTX) or left ventricular assist device (LVAD). Univariate and multivariate linear regression models were constructed to examine the associations between predicted values of D LCO /V A , forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1 ), and haemodynamic parameters [pulmonary capillary wedge pressure (PCWP), central venous pressure, cardiac index, mean pulmonary artery pressure, and mean arterial pressure] as well as other factors known to affect lung function in HF. FEV 1 was reduced to <80% of predicted value in 55% of the population, and D LCO/ V A was reduced in 63% of the population. D LCO /V A correlated positively with pulmonary capillary wedge pressure in both univariate and multivariate analyses for all included patients (P < 0.001 and P = 0.045, respectively) and a restricted population of patients with the shortest time between RHC and lung function testing (P = 0.005, P = 0.015). D LCO /V A predicted mortality in multivariate models [hazard ratio 1.5 (1.1-2.1)] but not the combined endpoint of death, LVAD implantation, or HTX. There was no significant correlation between haemodynamics and predicted FVC or FEV 1 . Conclusions Pulmonary diffusion capacity correlates positively with left ventricular fillings pressures, and reduced values predict increased mortality in patients with HF. This might be driven by increased lung capillary volume in patients with pulmonary congestion.
Introduction
Heart failure (HF) is frequently associated with functional and structural changes in the lungs. Indeed, lung function abnormalities such as impaired respiratory mechanics and gas exchange can be attributed to HF in the absence of respiratory diseases.
1,2 However, pulmonary co-morbidities also frequently co-exist with HF, and chronic obstructive pulmonary disease (COPD) is a common finding in the HF population.
3
The co-existence of COPD and HF is often a therapeutic and diagnostic challenge in HF management, 4 and COPD in patients with HF is associated with a worse clinical status and an increased risk of cardiovascular death and hospitalizations. 5 HF-related changes in pulmonary function are likely multifactorial and explained by interstitial and/or alveolar oedema, increased heart size leading to lung tissue displacement, pulmonary vascular remodelling, and respiratory muscle weakness. [6] [7] [8] [9] It is well known that patients with congestive HF (CHF) have a reduction in pulmonary diffusion capacity for carbon monoxide (D LCO ), 1 and CHF is known to increase the resistance to gas transfer across the alveolarcapillary membrane. 10 Some studies have shown that a reduced diffusion capacity contributes to exercise intolerance 11 and is a predictor of mortality in HF patients. 12 The mechanism behind these findings, however, is unresolved. It is clear that cardiopulmonary interaction is an important element in HF pathophysiology. Little is known about the association between central haemodynamics and pulmonary diffusion capacity in CHF, and the intention of this article was to investigate the role of haemodynamics in the interaction between heart and lungs. Limited data are available, and the importance of haemodynamic status, particularly pulmonary artery and left ventricular filling pressures for diffusion capacity in advanced HF, is not clear. Nor is it known if an association between D LCO and outcome is driven by haemodynamic abnormalities in these patients. The aim of this study was to investigate the association between haemodynamic variables and pulmonary diffusion capacity adjusted for alveolar volume in CHF patients and to analyse how predicted D LCO /V A affects mortality in relation to the haemodynamic status.
Methods

Patients and study design
This is a retrospective study of HF patients who underwent right heart catheterization (RHC) at the Department of Cardiology at Copenhagen University Hospital, Rigshospitalet, between January 2002 and February 2016. Patients were referred for evaluation for heart transplantation (HTX) or implantation of a left ventricular assist device (LVAD), and optimal medical therapy was instituted before referral. Both hospitalized patients (not in an intensive care unit) and outpatients with advanced CHF were included in this study. If a patient had more than one RHC in the time period, only data from the first catheterization were used. Inclusion criteria were HF with documented left ventricular ejection fraction (LVEF) less than 45% and a record of pulmonary function tests (PFTs) within 3 months of the RHC. Patients previously treated with LVAD or HTX were excluded from the study. Patients were not required to have symptoms of advanced HF at the time of referral, implying that some patients could be characterized as New York Heart Association (NYHA) Class 2 at the time of RHC. These patients were included as they had recently experienced advanced HF symptoms or their HF condition was considered serious enough to justify referral for investigation including undergoing an invasive cardiac catheterization. Patients were identified in the hospitals' cardiac catheterization database, and data were extracted from this database, as well as from patient medical records and the departments' echocardiography database. The research protocol was approved by the Danish Medical Agency (3-3013-1365/1) and the Data Protection Agency (RH 2015-153). Individual patient consent was not required owing to the retrospective nature of the study.
Haemodynamic evaluation
Right heart catheterization was performed using a SwanGanz catheter by four different experienced physicians. All studies were performed in the cardiac catheterization laboratory after appropriate zeroing and calibration of the pressure transducer. The catheter was inserted in the internal jugular or the femoral vein, and the correct placement of the Swan-Ganz catheter was evaluated by fluoroscopy and by visualization of pressure curves on a monitor. Patients underwent RHC with determination of pulmonary capillary wedge pressure (PCWP), pulmonary artery systolic pressure and pulmonary artery diastolic pressure (PADP), mean pulmonary artery pressure (MPAP), central venous pressure (CVP), cardiac output (CO), cardiac index (CI), and mean arterial pressure (MAP). CI was determined as CO divided by the body surface area (BSA). CO was measured by the thermodilution technique. BSA was determined using the DuBois method. MAP was estimated using the formula MAP = [(2 × diastolic blood pressure) + systolic blood pressure]/3. Pulmonary vascular resistance (PVR) in Wood units was calculated as PVR = (MPAP À PCWP)/CO. The diastolic pressure gradient (DPG) was calculated as PADP À PCWP, and a DPG ≥ 7 was considered to indicate pulmonary vascular remodelling.
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Pulmonary function tests
To be included in this study, HF patients were required to have documented PFTs performed within 3 months of the RHC. PFTs included spirometry and diffusion capacity. The spirometry was repeated until (at least) three successful and reproducible results were obtained, and it was reported as the highest values achieved.
Diffusion capacity was measured using single-breath CO technique. Two independent diffusion capacity measurements were performed with a minimum of 4 min intervals. If the results varied <10%, the final result was given as the average value. If the variation was >10%, a third measurement was made and the average of the three measurements was used. All lung function tests were performed in a dedicated laboratory at Rigshospitalet at 
Statistical analysis
Categorical variables are reported as numbers (n) and percentages (%). Continuous variables are reported as mean ± standard deviation (SD), unless indicated otherwise. We constructed univariate linear regression analyses to examine the associations between FEV 1 , forced vital capacity (FVC), D LCO /V A , and the haemodynamic parameters (PCWP, MPAP, CVP, CI, MAP, PVR, and DPG). Significant variables were included in multivariable models along with other factors known to affect lung function in HF patients (COPD, diabetes mellitus, and smoking). Two-sided P values were used; a Pvalue < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS (Version 25, IBM Corp.). Follow-up date was set to 1 February 2016. Events were defined as patients being alive at follow-up date, undergoing LVAD implantation or HTX, or dead. Implantation of an LVAD was used as bridge to transplantation or destination therapy. Kaplan-Meier survival curve was plotted, and Cox proportional hazards models were used to estimate hazard ratios with 95% confidence intervals. Patients were divided into three groups according to tertiles of %FEV 1 , %FVC, and %D LCO /V A . Cox regression analyses were performed to identify predictors of death (censoring patients at time of LVAD or HTX) or predictors of the combined endpoint of death, LVAD implantation, or HTX.
Results
Baseline characteristics
A total of 519 patients with LVEF < 45% underwent RHC in the study period, but 257 were excluded owing to missing PFTs within the allowed time frame. Hence, a total of 262 subjects formed the study population. Their characteristics are listed in Table 1 . The mean age was 51 years; most were men (78%) and mildly overweight (body mass index = 26.4 kg/m 2 ). The vast majority (91%) had a severely reduced LVEF ≤ 25%, and 64% were in NYHA Class 3 or 4 at the time of examination. One or more clinical signs of congestion such as elevated jugular pressure and peripheral oedema were present in 49% at the time of examination. While 19% were active smokers, the majority were previous smokers (53%). Only 8% were diagnosed with COPD. Most patients were treated with recommended HF medications, although only 68% tolerated beta-blocker. Only 5% of patients were treated with inotropes at the time of RHC, and none were receiving mechanical circulatory support (as this was an exclusion criterion). Bronchodilators for COPD or asthma were used by 3% of the population. Percentage FEV 1 was abnormally low (<80%) in 55% of the population, and mean %D LCO/ V A was reduced (63%).
Haemodynamics are presented in Table 1 . Patients had signs of increased filling pressures and depressed CO.
Association between haemodynamic variables and lung function parameters
Mean time between PFTs and RHC was 7 days. To test for a potential influence of time elapsed from RHC to pulmonary function testing, sensitivity analyses were performed restricted to the population to those with a maximum of 2 days between the two measurements. Univariate and multivariate linear regression models are shown in Table 2 . With the use of univariate analysis, a significant, positive association between %D LCO /V A and PCWP (r 2 = 0.051, P = 0.005) was found ( Figure 1) . Further, %D LCO /V A and MPAP were associated (r 2 = 0.029, P = 0.036). There were no significant associations between %D LCO /V A and CI, MAP, DPG, PVR, or CVP. When multivariate analyses were performed including the variables PCWP, MPAP, history of smoking, diabetes mellitus, and COPD, PCWP remained significantly associated with %D LCO /V A (P = 0.015).
Analyses were repeated including all 262 patients, and there was still a significant correlation between %D LCO /V A and PCWP in both univariate (r 2 = 0.048, P ≤ 0.001) and multivariate analyses (P = 0.045) with similar coefficients compared with those of the restricted population. Pulmonary vascular resistance was significantly correlated with %FVC (r 2 = 0.016, P = 0.047) and %FEV 1 (r 2 = 0.022, P = 0.018) but not with %D LCO /V A for all patients included.
Smoking and chronic obstructive pulmonary disease
Active smokers had a reduced %FEV 1 (72% vs. 82%), %FVC (79% vs. 84%), and %D LCO /V A (77% vs. 92%) than had nonsmokers. There was also a significant correlation between %D LCO /V A and PCWP in this subpopulation (r 2 = 0.103, P = 0.03). There were no significant changes in our results when patients diagnosed with COPD were excluded from the analysis. The use of bronchodilators or beta-blockers was not significantly correlated to any of the lung function parameters.
Lung function parameters, haemodynamics, and outcome
Mean follow-up time was 3.3 years. At the end of follow-up, 83 patients (32%) had died and 179 were alive (68%). Out of 262 patients, 37 (14%) received an LVAD and 78 (30%) were transplanted. While 68 (38%) were alive with an LVAD or transplant at follow-up, 111 (62%) were alive without.
Lung diffusion capacity in advanced HF The results of the univariate and multivariate Cox regression models are presented in Table 3 . In a univariate analysis, patients in the lower tertiles of %FEV 1 and %FVC had a 30% and 40% increased risk of death, LVAD, or transplantation than had those in the highest tertiles (both, P < 0.05). In multivariate Cox models adjusted for age and gender, neither %FEV 1 nor %FVC remained significant predictors of the combined endpoint.
Multivariate Cox analysis identified %D LCO /V A as a predictor of mortality with a 50% increased risk when comparing lower tertiles with highest tertiles (P < 0.05), but it was not a significant predictor of the combined endpoint. KaplanMeier survival curves are presented in Figure 2 . There was no statistical significant interaction between PCWP and %D LCO /V A .
Discussion
The main findings of the present study are that pulmonary diffusion capacity adjusted for alveolar volume correlated Lung diffusion capacity in advanced HF positively, albeit modestly, with left ventricular filling pressures while dynamic lung parameters (%FEV 1 and %FVC) did not correlate with haemodynamics in advanced HF. Further, %FEV 1 and %FVC predicted adverse outcome, although this association was not apparent after adjustment for confounding factors, whereas diffusion capacity predicted mortality when adjusting for confounders.
Pulmonary diffusion capacity for carbon monoxide (D LCO ) is reduced in HF,
1,2,7,10,16,17 which was also confirmed in the current study when compared with the applied reference material. Only limited data have been published on the association between central haemodynamics and pulmonary diffusion capacity in CHF. In this study, PCWP was the only It is well established that lung volume is reduced in HF patients; and the importance of alveolar volume (V A ), i.e. the volume of air in the lung available for gas exchange, in interpreting diffusion capacity is, therefore, not without significance. In addition, V A , furthermore, bears a prognostic value because reduced V A is also found to be a significant, independent predictor of mortality in patients with systolic HF. suggesting that, to some extent, there is a variable component in diffusion capacity seen in CHF, which could be targeted for therapeutic intervention. However, several of studies of patients after HTX have shown that while HTX has a positive effect on total lung capacity, FEV 1 and FVC, it does not improve D LCO or D LCO /V A at long-term followup. 22, 23 This suggests that chronic irreversible changes that leads to permanently reduced diffusion capacity despite improved haemodynamics may occur as a consequence of remodelling. Reduction in diffusion capacity is important in CHF as inability of the alveolar-capillary membrane to maintain an effective gas diffusion contributes to exercise intolerance in CHF.
11 However, the importance of D LCO may extend beyond that as studies of both HF patients with reduced ejection fraction 12 and preserved ejection fraction 24 have reported a significantly worse outcome and higher mortality rate in HF patients with lower diffusion capacity. Olson et al. 12 studied 134 HF patients without co-morbidities that could influence pulmonary function and examined the utility of resting pulmonary function measures in predicting event-free survival in patients with HF. FEV 1 and FVC demonstrated the strongest relationship with event-free survival, but D LCO and V A were also found to be important prognostic markers. In our study, %D LCO /V A was a significant prognostic predictor of mortality but did not predict the combined endpoint of death, LVAD, or transplantation, while %FEV 1 and %FVC were predictors for the combined endpoint in univariate Cox analysis but did not remain significant in multivariate models. One reason for this discrepancy could be differences in patient selection and the endpoints for the study, as fewer patients were transplanted and LVAD implantation was not included in the Olsen study. There is growing evidence suggesting that pulmonary function testing could provide useful additional information in most patients with CHF with or without respiratory co-morbidities in relation to daily management and as a predictor of mortalily.
16,25
There were no significant changes in our results when patients diagnosed with COPD were excluded from all of our analysis; hence, we decided not to exclude them from the study.
Clinical implication
The heart and lungs are anatomically connected, but our knowledge as to how haemodynamics are related to lung function is sparse. We investigated this relationship and found a positive correlation between diffusion capacity and PCWP, which could be explained by an increase in blood volume available for gas exchange, a consequence of pulmonary congestion. This information is of importance when interpreting PFTs in patients worked up for HTX of LVAD. As we have shown that diffusion capacity is related to mortality, the data should spike further research aimed at clarifying the pathophysiology in lung diffusion capacity in HF and leading to a better understanding of the mechanisms of the lungheart interactions.
Study limitations
Owing to the limitations of a cross-sectional study, we cannot conclude on any cause-effect relationship between PCWP and diffusion capacity, and furthermore, because the data collection was limited to one time point, it may not be representative of the entire trajectory of HF patients. In our study population, only 7% of the patients were diagnosed with COPD, which is significantly less than in the general Lung diffusion capacity in advanced HF population. This is probably because clinicians are more reluctant to refer patients with (severe) COPD to evaluation for HTX and/or LVAD, and thus, there is most likely selection bias at the referral level.
We investigated a selected HF population with a mean age of 51, which is considerably younger than average HF patients, which may limit the generalizability to the general HF population.
In addition, our study did not allow us to distinguish between the vascular and membrane components of D LCO .
Conclusions
This study explored the association between haemodynamic variables and lung function parameters in patients with CHF. This study is the first to demonstrate a positive association between D LCO /V A and PCWP, possibly explained by an increase in blood volume available for gas exchange, a consequence of pulmonary congestion. D LCO /V A predicted mortality but not the combined endpoint of death, LVAD implantation, and HTX. Further studies allowing for distinction between the vascular and membrane components of D LCO are necessary to explore this association between diffusion capacity and PCWP.
